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114 5 min as pre-digestion. Then the samples were transferred into a new plate with fresh 115 collagenase I reagent and incubated on rocking device (30-60 RPM) for less than 30 min (The 116 exact processing period varied according to the actual digestion condition and digestion was 117 terminated when hAMSCs began to peel off and the BM was undamaged). Collagenase I 118 reagent was discarded and samples were washed with HBSS (Gibco, USA) for 2 times. Then 119 cell scrapers were used on the hAMSCs side of the samples to remove the residual hAMSCs. 120 followed by washing the samples with HBSS repeatedly until all the viscous liquid had been 121 cleaned. Thus, the tissues left were hAECs membranes.
122
hAECs Culture 123 The isolated hAECs and hAECs membrane were plated in 9 cm plates (1× 10 4 cells/cm 2 ), 124 cultured in basic medium consisting of Dulbecco's Modified Eagle Medium (DMEM) medium 125 (low glucose, GlutaMAX, Pyruvate) (Gibco, USA) supplemented with 10% fetal calf serum 126 (FBS) (Sigma, USA), 100 U/ml penicillin (Sigma, USA), 100 μg/ml streptomycin (Sigma ,  Table S6 ) 138 Immunofluorescence (IF) and Immunocytochemistry (ICC) 139 The cell samples being fixed with 4.0% paraformaldehyde solution (10-30min) were perforated 140 on membrane by Triton X100 (0.1%, for less than 10min), and washed with phosphate buffer 141 saline (PBS) for three times (10 min per wash). Later they were blocked with 5% bovine serum 142 albumin (BSA) for 30 min, and incubated with antibodies and DAPI (Sigma, USA) according 143 to manufactures` instruction. Followed by washing with PBS as above, was incubated with 144 secondary antibodies, before being completely ready for observation under an EVOS FL Auto 145 imaging system (Life Technologies, USA). The antibodies used in this work are listed in 146 supplementary material ( Supplementary Table S5 ). 147 Flow Cytometry (FCM) Analysis 148 The hAECs membrane was digested by 0.2% trypsin/EDTA (Thermo, USA) for 15 min at 37℃ 149 as suspended single cells, and then washed with PBS. For detecting intramembrane biomarkers, 150 cell samples were treated with 4% paraformaldehyde solution for fixation (10-30 min) and then 151 perforated on membrane by Triton X100 (0.1%, for about 10 min), later washed again with PBS 152 (The procedures of cell membrane perforation were not performed in detecting cell surface 153 markers). The samples were re-suspended in 100 μL volume of DMEM medium in a 154 concentration of 1×10 6 -10 7 cells/mL. Matched controls of antibodies for FCM were applied 9 / 30 155 according to manufacturer`s instructions using a FACSArial system (BD Biosciences, USA).
156
The Quad was set according to isotype antibodies. Main antibodies are listed in supplementary 157 material ( Supplementary Table S4 ). 158 hAECs membrane transplantation on mice skin wound 159 Nine comatose 2-week-old C57BL6 black mice were prepared for surgical skin excision. First, 160 these mice were shaved on the back and injected with 1% pelltobarbitalum patricum (10 mg/mL) 161 for anesthetization according to each individual mouse (45 mg dose/kg weight). After 162 confirmed unconscious, every mouse was surgically excised of a piece of square skin on their 163 back in a thickness of 2 mm and a length of 1 cm. Then, six of them were transplanted by 164 hAECs membrane on the skin wound and fixed by stitches. None of the mice died of bacterial 165 infection or surgery.
166
Three of the transplanted mice were decapitated at 5 d. The wound skin samples were 167 retrieved, sliced, and paraffined for immunohistochemistry (IHC). The rest were treated as 168 above at 10 d.
169
Statistical analysis 170 The hAM were derived from three donors. The investigation of isolation methods had 3 parallel 171 samples in each group, respectively. A maximum and a minimum value were removed in each 172 test group. In experiments of medium optimization and long-term culture, each test group was 173 cultured on 9 cm plates with 5 parallel samples. In qPCR, cell number counting, and flow 174 cytometry, results were the averages of 3 tests for each sample. To detect the expression of CK- 
179
Experimental data are reported as mean ± SD.
180
Statistical significance was evaluated by one-way ANOVA with SPSS software. P-value 181 < 0.05 were considered statistically significant; P-value <0.01 have great significant statistical 182 difference; P-value <0.001 have extreme great significant statistical difference. 
Results

185
The cells on hAECs membrane results higher purity of hAECs 186 In conventional methods, hAECs were isolated through multiple digestion by trypsin [15-21,37].
187
The isolated cells by conventional methods could contain more hAMSCs and have lower purity 188 of hAECs. Results of hematoxylin-eosin (HE) staining showed both of the hAECs side and 189 hAMSCs side had obvious tissue defect ( Fig. 1F ). It proved that in general methods, the isolated 190 cells were consist of both hAMSCs and hAECs. Here, the hAM were digested by collagenase 191 I and scraped on the hAMSCs side. Results showed that most of the hAMSCs were removed 192 from the hAM and the hAECs were unharmed (Fig. 1F) . This tissue consisted of BM and single-193 layer of hAECs was identified as hAECs membrane ( Table 1) . 194 To demonstrate that the hAECs membrane comprised pure hAECs, the isolated cells from that EpCAM can be used as the main specific biomarker of hAECs. According to the EpCAM 208 biomarker, the purity of hAECs on hAECs membrane (92.2%) was proven to be higher than 209 those isolated by conventional methods (86.1%). Furthermore, hAMSCs had relatively low 210 immune-positive result of SSEA4 (56.9%). The cells from hAECs membrane (91.2%) showed 211 higher SSEA4 + than those isolated by conventional methods (78.5%). Thus, it also implied that 212 the cells on hAECs membrane had higher purity of hAECs.
213
For further identification, the cells were compared on CK-8, α-SMA and Col1A1 markers 214 through IF analysis. Results showed that the isolated cells from hAECs membrane expressed 215 high in CK-8 and low in α-SMA, and similar in Col1A1 compare to hAMSCs (Fig. 1G) . These 12 / 30 216 results were according with the former findings in characteristic of hAECs [9, 16, [38] [39] [40] . 217 Therefore, it showed that the cells on hAECs membrane generated here were very likely to be 218 highly pure hAECs.
219
Regarding the viability of the cells isolated from hAECs membrane, the viability of the 220 isolated cells by general methods was 71.4% (recovered from first digestion) and 61.8%
221
(recovered from second digestion) ( Table 1 ). In comparison, the viability of the cells isolated 222 from hAECs membrane produced here was 79.1%. Thus, the cells on hAECs membrane had 223 higher viability.
224
The hAECs membrane was produced through removing the hAMSCs by combination of 225 collagenase I and cell scraper. Results indicate that the cells from hAECs membrane show 226 higher purity of hAECs, better pluripotency and higher viability compare to those isolated by 227 methods previously described. Conclusively, it was an alternative efficient approach of 228 isolating highly pure hAECs.
229
The hAECs membrane exhibited epithelial construction and performed better in 230 characteristic maintenance 231 In general methods, hAECs were isolated into single cells and cultured. In this study, the hAECs 232 were cultured as one-layer on BM which had potential to mimic an in vivo micro-environment 233 for these hAECs.
234
To identify the difference between the hAECs cultured as single cells and those on hAECs 235 membrane, two test groups were compared in specific biomarker, pluripotency related 13 / 30 236 biomarkers and genes. In group (hAECs membrane), a hAECs membrane was spread out on a 237 9 cm plate with BM side facing the bottom and cultured in SCM. In group (hAECs separated), 238 the single cells isolated from hAECs membranes by trypsin were cultured in SCM (2 × 10 4 239 cells/cm 2 ). After 15 d, the cells of cultured hAECs membrane orderly arranged with similar 240 cellular size and clear edge (Fig. 2B) . On the contrary, the separated hAECs grew into patches 241 in different cellular size, irregular edge shape, and excessively attached to each other ( Fig. 2A) . 242 Thus, the results indicated that the hAECs membrane had a more similar construction of 243 epithelium than those hAECs cultured as single cells. MHC II maker HLA-DR ( Fig. 2C, 2D) . These results indicated that the cells on hAECs 249 membrane had better maintenance of their own main characteristic biomarkers. Human immune 250 system mainly recognizes the allogeneic cells through MHC II surface antigen. The immune-251 positive result of HLA-DR, as a MHC II antigen, was quite low in hAECs membrane cultured 252 for 15 d (Fig. 2C) . It indicated that the cells on hAECs membrane had low immunogenicity and 253 maintained to be applicable for tissue transplantation after a long-term culture (Fig. 2C) . The 254 transcriptional level of pluripotency related genes OCT4, SOX2, FGF4, REX1, CFC1, NANOG, 255 DPPA3, PROM1 and PAX6, and immune-positive results of pluripotency related biomarkers 256 SSEA3, SSEA4, Tra1-60, Tra1-80 and GCTM2 were higher in hAECs membrane than in 14 / 30 257 separated hAECs ( Fig. 2E, 2F) . These results showed that the hAECs membrane had prolong 258 the maintenance of the pluripotency of the hAECs.
259
Based on the results, the cells on the hAECs membrane had a similar construction of 260 epithelium and better maintenance of pluripotency, immune privilege, and specific 261 characteristic compare to those hAECs cultured as single cells. It was speculated that the hAECs 262 membrane had provided the hAECs with some functional factors or a more appropriate micro- Thus, the hAECs membrane could be potential medical treatment for skin and endothelium 269 wound, psoriasis, lupus erythematosus, diabetes-caused ulceration, etc. In this study, the hAECs 270 membrane was used to heal mice skin wound.
271
Nine black mice were surgically excised of skin surface in thickness of 2 mm, and six of 272 them were transplanted of hAECs membrane. After 5 d, the hAECs membrane closely attached 273 on the wound area and prevented the dermis from exposure to the air (Fig. 3B) . At 10 d, the 274 skin wound of control group was heavily scabby (Fig. 3D) . In transplanted mice, no sign of 275 scab, scar formation, or exposed dermis were observed (Fig. 3C) . In the tissue slider of mice 276 skin wound area, the transplanted hAECs membrane had conjugated to the dermis at 5 d ( Fig.   15 / 30 277 3F). At 10 d, there were corneum-like construction formed around hAECs (Fig. 3G) . The BM 278 was degraded and fell off. In comparison, the surface of skin wound of mice in control group 279 were covered by thick scab, and there was no apparent regeneration of dermis, epithelium and 280 corneum (Fig. 3H) . Thus, results showed that the skin wound performed better regeneration by 281 the transplantation of hAECs membrane.
282
Discussion
283
Key points to efficiently produce hAECs membrane 284 In recent years, many studies had established methods of isolating hAECs [15] [16] [17] [18] [19] [20] [21] . 285 However, the characteristic of these hAECs from different methods were quite different. One 286 of the main reason was these methods could have caused uneven efficiency and purity of hAECs.
287
Thus, we proposed a novel alternative approach to isolate highly pure hAECs by removing 288 hAMSCs from hAM with collagenase I and cell scraper. There were several key points 289 influencing the production of hAECs membrane.
290
First, based on the tested methods, it was important to use plates instead of tubes to remove 291 the hAMSCs. The cells isolated by collagenase I were more in number and lower in EpCAM + 292 result on plates (Method F, Step 1, 2.32% of EpCAM + in 3.21±0.09×10 6 cells/g hAM) than 293 those in tubes (Method B, Step 1, 4.52% of EpCAM + in 4.67± 0.53× 10 5 cells/g hAM) 294 ( Supplementary Table S1, S3) . Thus, the hAMSCs were more efficiently and selectively 295 removed when the digestion was performed on the plates. One of the main reasons was that the 296 hAM samples had an uneven digestion in tubes because of discrepant exposure of collagenase.
297
On the contrary, the hAM samples on the plates stretched, were evenly digested, and released 16 / 30 298 less collagen lysate. 299 Second, it was necessary to place the hAM samples with their hAMSCs side facing up.
300
Results showed the EpCAMcells were more efficiently isolated in Method F, Step 1 when the 301 hAMSCs side faced up (2.32% of EpCAM + in 3.21±0.09×10 6 cells/g hAM) than in Method 302 E, Step 1 when the hAECs side faced up (1.84% of EpCAM + in 4.86±0.25×10 4 cells/g hAM) 303 ( Supplementary Table S3 ). These results indicated the hAMSCs were supposed to face up to 304 be efficiently removed. Probably, the hAMSCs side faced up, were more likely to be exposed 305 to fresh collagenase I and avoided the collagen lysate derived from BM and hAMSCs. 306 Third, the repeated treatment with combination of collagenase digestion and cell scraping 307 improved the efficiency and success rate in producing hAECs membrane. In digestion, collagen 308 lysate released, filled the gap between cells, and constructed the digestion process. Thus, cell 309 scraper was necessary to remove the loosened hAMSCs and collagen lysate from the surface.
310
In practical operation, regular scraping the surface of hAMSCs side of these hAM samples can 311 improve the efficiency of removing hAMSCs and prevent the excessive digestion of BM.
312
Fourth, different digestion condition affected the thickness of BM of the hAECs membrane. Finally, the residue of red blood cells should be washed off as much as possible. In culture, 320 it was observed that the red blood cells obstructed the attachment and migration of the hAECs 321 or hAMSCs. It was a critical point to clean off the blood at the time of sample collection.
322
Characterization of the hAECs membrane 323 In this study, a hAECs membrane was produced by collagenase I and cell scraper. Based on the 324 results, the cells from the hAECs membrane showed higher viability, purity, and better 325 pluripotency than the hAECs isolated by the general methods.
326
In conventional methods, the hAM samples were repeatedly treated by trypsin and the 327 whole digestion period reached 75 min. Based on the results, the viability of the isolated cells 328 treated by trypsin was 71.4% for 45 min, was for 61.8% for 75 min ( Table 1) . In comparison, 329 the hAECs isolated by collagenase I in 35 min and trypsin for 15 min was 79.1%. Thus, the 330 isolated hAECs had much higher viability by the methods established in this study. There were 331 two main reasons: 1. Collagenase I had little influence on the hAECs, but worked through 332 digesting the collagen on the surface structure of hAMSCs [38, 46, 47] . Thus, the application of 333 Collagenase I did not cause much damage to the hAECs; 2. The digestion period in producing 334 hAECs membrane was much shorter than the conventional methods. In conventional methods, 335 the hAM was treated by trypsin for 15 min, 30 min, and then another 30 min. The hAECs were 336 considered to suffer a certain damage on their cell membrane or even disrupted. In the approach 337 to produce hAECs membrane, the samples merely suffered from 0.2% collagenase I for 30 min.
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338 Yet, these hAECs were still unharmed. The viability of the isolated cells did not just indicate 339 the living cells` portion, but also used to identify the global state of these cells. In the isolated 340 cells with low viability, these living cells could have suffered different levels of damage which 341 caused negative results in proliferation, survival, pluripotency and differentiation capability. To 342 accord with this view, results showed that the hAECs from hAECs membrane had higher 343 pluripotency marker SSEA4 + result (91.2%) than those by general methods (78.5%).
344
In addition, results indicated that the hAECs membrane had higher purity of hAECs 345 (92.2% EpCAM + ) than those by general methods (86.1% EpCAM + ). In analysis, the high purity The hAECs membrane could provide a better micro-environment for hAECs` culture 358 Generally, hAECs isolated from hAM were not able to maintain their characteristic for a long 19 / 30 359 time. In 2 weeks, hAECs gradually lost the expression of specific markers like EpCAM, CD29, 360 and CD44; pluripotency markers like SSEA3 and SSEA4; and pluripotency related genes like 361 OCT4 and SOX2 [15, 16, 24, 39] . Then, these hAECs could happen epithelial-to-mesenchymal 362 transition, or spontaneous differentiation, which were adverse to their clinical application. To 363 address these problems, some studies used different factors such as progesterone, EGF or 364 Supplement S7in hAECs` culture [5, [15] [16] [17] [18] [19] 21, 39, 48] . However, these results were still not ideal.
365
In this study, it was found that hAECs can maintain in a good condition when cultured as 366 hAECs membrane. The immune-positive results of some specific markers EpCAM, CD29, 367 CD44, and CD56, pluripotency markers SSEA3, SSEA4, Tra1-60, and Tra1-80 had maintained 368 in a high level (Fig. 2C, 2D, 2E) . In addition, the transcription level of pluripotency related 369 genes OCT4, SOX2, FGF4, REX1, CFC1, NANOG, DPPA3, PROM1, and PAX6 was much 370 higher in the cells of hAECs membrane (Fig. 2F) . Accordingly, the hAECs membrane was 371 speculated to provide a better micro-environment for the maintainance of hAECs. There could 372 be three main reasons. First, the hAECs membrane immobilized the hAECs and kept them in 373 an epithelium construction, exactly as how they grow in vivo. In general methods, hAECs were 374 cultured as single cells. Based on the results, the hAECs separated as single cells disorderly 375 grew into single-layer ( Fig. 2A) . In the meanwhile, the cells on hAECs membrane still had an 376 epithelium construction (Fig. 2B) . Thus, these hAECs could have a proper surface contact on 377 the hAECs membrane. 6.54%
Step 3
The tissue left was hAECs membrane. hAECs membrane was digested by trypsin for 15 min and the cells were collected for characterization. 
86.1%
Step 2
The samples were digested in 0.2% Trypsin/EDTA in tubes for 30 min. 
602
(B) The hAECs membrane planted on a plate and cultured for 15 d.
603
The hAECs separated and those on hAECs membrane were compared in (C) specific surface marker 604 EpCAM and immunity related surface markers, (D) other specific surface markers, and (E) pluripotency 605 related surface markers.
606
(F) The transcripition expression results of pluripotency related genes expressed relative to the higher mean 607 value between the hAECs separated and those on hAECs membrane. Results showed as mean ± SD (n = 3 608 independent experiments).
609
